There are multiple forms of interactions between termites and bacteria. In addition to their gut microbiota, which has been intensively studied, termites host intracellular symbionts such as Wolbachia. These distinct symbioses have been so far approached independently and mostly in adult termites. We addressed the dynamics of Wolbachia and the microbiota of the eggs and gut for various life stages and castes of the wood-feeding termite, Nasutitermes arborum, using deep-sequencing of the 16S rRNA gene. Wolbachia was dominant in eggs as expected. Unexpectedly, it persisted in the gut of nearly all stages and castes, indicating a wide somatic distribution in termites. Wolbachia-related sequences clustered into few operational taxonomic units, but these were within the same genotype, acquired maternally. Wolbachia was largely dominant in DNA extracts from the guts of larvae and pre-soldiers (59.1%-99.1% of reads) where gut-resident lineages were less represented and less diverse. The reverse was true for the adult castes. This is the first study reporting the age-dependency of the relative abundance of Wolbachia in the termite gut and its negative correlation with the diversity of the microbiota. The possible mechanisms underlying this negative interaction are discussed.
INTRODUCTION
Wolbachia is an Alphaproteobacterium that is widely found as an intra-cellular symbiont in both Arthropods (∼66% of insect species; Hilgenboecker et al. 2008) and filarial nematodes (Taylor et al. 2005) . It has various reproductive phenotypes (reviewed by Werren, Baldo and Clark 2008; Correa and Ballard 2016) . Initially it was believed to be almost exclusively transferred from mother to offspring via eggs. However, the lack of congruence between phylogenies of Wolbachia and their hosts (Werren et al. 1995 (Werren et al. , 2008 as well as the ability of Wolbachia variants, initially acquired laterally, to be maintained across host generations via vertical transmission (Huigens et al. 2000 (Huigens et al. , 2004 suggest that horizontal exchanges are common. A wide distribution of Wolbachia within tissues, including in somatic tissues, is increasingly reported (Espino et al. 2009; Zouache et al. 2009; Dodson et al. 2014; Frost et al. 2014; Yun et al. 2014; Roy, Girondot and Harry 2015; Sapountzis et al. 2015; Pietri, DeBruhl and Sullivan 2016; Shi et al. 2016; Zhukova et al. 2017) . In various insects, Wolbachia has been detected in the gut (Espino et al. 2009; Frost et al. 2014; Sapountzis et al. 2015; Dittmer et al. 2016; Ye et al. 2017; Zhukova et al. 2017) and in accessory digestive glands such as salivary glands (Mitsuhashi et al. 2002; Sintupachee et al. 2006; Tsai et al. 2006; Roy, Girondot and Harry 2015) . Wolbachia is also reported from extracellular matrices such as feces and the gut lumen of various insects (Espino et al. 2009; Andersen et al. 2012; Frost et al. 2014) . However, its presence is generally revealed by DNA-based techniques and is not confirmed in some cases (Fink et al. 2013) Recent investigations based on microscopic observations also failed to confirm this finding (Simhadri et al. 2017; Zhukova et al. 2017) . Thus, its viability in these matrices remains to be further demonstrated. The determinism and the physiological significance of these extra-genital locations of Wolbachia are still unclear. The gut localization (either in cell walls or in the lumen) is however of key importance since it may contribute to horizontal exchanges of symbionts, especially in social insects (Frost et al. 2014) .
Termite-associated Wolbachia fall within various phylogenetic supergroups, which may be specific to termites (supergroup H), shared with other Arthropods and Nematodes (supergroup F; Werren, Baldo and Clark 2008) or primarily associated with other Arthropods (A and B; Salunke et al. 2010a,b; Roy, Girondot and Harry 2015) . Such phylogenetic diversity suggests multiple acquisition paths of Wolbachia variants from diverse invertebrates, probably facilitated by their presence in the gut. To our knowledge, the presence and diversity of Wolbachia have never been specifically addressed in termite guts. Moreover, it has not been reported for the majority of species where the microbiota was targeted (Köhler et al. 2012; Sabree and Moran 2014; Abdul-Rahman et al. 2015; Mikaelyan et al. 2015a; Tai et al. 2015) . Admittedly, the gut microbiota has been often studied in adult termites only, while the infection rate and abundance of Wolbachia in tissues seem to be dependent on life stages and castes (Berlanga et al. 2011; Diouf et al. 2015; Roy, Girondot and Harry 2015) . Besides age and caste, the gut microbiota may also affect the significance of Wolbachia in the guts of various insects (Muturi et al. 2017; Ye et al. 2017) . Termites are known to host a dense and diverse microbiota that contributes to the digestion of the complex components of their food (reviewed by Brune and Dietrich 2015; Berlanga and Guerrero 2016) and which have been extensively studied. Nevertheless, this microbiota well-known to vary within a host species depending on age-groups and castes (Hongoh et al. 2006a; Diouf et al. 2015; Li et al. 2016; Diouf et al. 2017) has not yet been linked with the presence and dynamics of Wolbachia in the gut of termites.
Given this wide somatic distribution of Wolbachia in many insects, we thought that the gut environment of termites could be a somatic niche hosting Wolbachia. Their relative abundance in this changing niche might depend on the life stage and caste. If this was the case, this might be the result of an interaction between gut-associated Wolbachia and the gut microbiota. To verify this hypothesis, we re-analyzed two datasets that were originally generated to profile the microbiota of eggs and of the whole guts for various life stages and castes of the wood-feeding termite Nasutitermes arborum (Termitidae, Nasutitermitinae; Smeathman). This new analysis focused on Wolbachia abundance and diversity. These datasets came from independent studies based on two different deep-sequencing technologies, namely pyrosequencing (Diouf et al. 2015) and Illumina MiSeq (Diouf et al. 2017) , targeting two different variable regions of the 16S rRNA gene.
MATERIAL AND METHODS

Sampling, processing of termites, DNA extraction, amplification and sequencing
The datasets were for the wood-feeding termite N. arborum (Termitidae, Nasutitermitinae), collected in the Republic of the Congo (Brazzaville), from the Dimonika Biosphere Reserve set up for the UNESCO Man and the Biosphere Program, in the District of Mvouti (4 • 14'S, 12
• 26'E). The nests were kept in a termitarium at the Institut de Recherche pour le Développement in Pointe Noire, Republic of the Congo. The samples were collected during two distinct campaigns. The samples analyzed by pyrosequencing were for a previously published study analyzing the succession of the microbiota from eggs to old workers (Diouf et al. 2015) . The samples for the other study focusing on castes (Diouf et al. 2017) were analyzed by Illumina MiSeq sequencing. Samples for this study were collected the morning following the mating flight to include swarming alates that only appear temporarily. For both sampling campaigns, the termite nest was partially broken to collect individuals from the various castes and age groups. Pre-soldiers, soldiers and workers were readily distinguished. For the worker caste, only old individuals with pigmented cuticle and dark-brown abdomen were used. Larval stages were determined using the standard morphometric criteria for the Nasutitermes genus (Noirot 1955; Lima, Bailez and Viana-Bailez 2013) .
Eggs were surface-sterilized by dipping them twice in 70% ethanol for 1 min, followed by five rinses in sterile water before DNA extraction. For larvae, pre-soldiers, soldiers and workers, the whole gut of the termite was removed aseptically using fine sterile forceps in a biosafety cabinet, and pooled for each replicate in 1.5 ml sterile microtubes. Triplicates of 50 individuals for eggs, 30 guts for larvae and pre-soldiers, 25 guts for soldiers and workers were used for DNA extraction. For reproductives, individuals were rinsed three times in sterile distilled water after the removal of wings. Then the whole guts were removed aseptically using fine sterile scissors. Ten guts were pooled for each replicate of this caste.
Eggs and whole guts were first crushed using a polypropylene micro pestle in 1.5 ml microtubes. The DNA was then extracted using the DNeasy Blood and Tissue Kit (QIAGEN, QIA-GEN GmbH, D.40724 Hilden, Germany) in accordance with manufacturer's instructions. The DNA concentration was quantified using a ND-1000 Spectrophotometer (NanoDrop products, Wilmington, USA). After a preliminary analysis of the sample homogeneity (Diouf et al. 2017) , DNA from triplicates was pooled.
For both studies, DNA aliquots with similar concentrations were sent to the Research and Testing Laboratory (Lubbock, TX, USA) for amplification and sequencing. For the first set of samples, a fragment of the 16S rRNA gene spanning the V1-V3 variable regions was amplified using the bacterial primers 28F and 519R and pyrosequenced using a Roche 454 FLX pyrosequencer. For the second set, the V1-V2 variable regions of the 16S rRNA genes were amplified using the bacterial primers 28F and 338R and sequenced using 2 × 250 paired-end Illumina MiSeq technology. The raw sequence data have been deposited in the NCBI Sequence Read Archive under the BioProjects PRJNA270400-PRJNA270403 (pyrosequencing data) and the BioProject PRJNA347254 (MiSeq data).
Processing of the 16S rRNA gene amplicons
The two datasets were processed independently with mothur version 1.39.5 (Schloss et al. 2009 ), following modified standard operating procedures for pyrosequencing (Schloss et al. 2011) and Illumina MiSeq reads (Kozich et al. 2013) . First, the sequencing errors in the pyrosequencing reads were reduced using the AmpliconNoise algorithm (Quince et al. 2011) and low-quality sequences were removed (minimum length of 235 bp, no more than 1 mismatch to the barcode and 2 mismatches to the primer, and homopolymers no longer than 8 bp). For the Illumina reads, contigs between read pairs were assembled and low-quality sequences were removed (minimum length of 280 bp, maximum length of 330 bp, removing any sequences with ambiguous bases and removing any sequences with homopolymers longer than 8 bp). Then, for both datasets, the barcode and primer sequences were removed. Subsequently, the sequences were aligned to the SILVA reference database release 128 (Quast et al. 2013 ) and preclustered (pre.cluster, diffs = 1). Chimeras were removed using VSEARCH (Rognes et al. 2016) implemented in mothur and singletons were excluded. Then, to account for differences in sampling effort, 977 and 5259 sequences were randomly subsampled from each sample of the pyrosequencing and Illumina datasets, respectively (Weiss et al. 2017) . Finally, sequences were classified using the naïve Bayesian classifier (Wang et al. 2007) implemented in mothur with the DictDB v3 reference database (Mikaelyan et al. 2015b) . Operational taxonomic units (OTUs) were generated using the OptiClust algorithm (Westcott and Schloss 2017) , with an OTU being defined at the 97% sequence similarity level. Diversity indices and rarefaction curves were also computed with mothur.
Phylogenetic analysis
The relationship between the Wolbachia-related OTUs and previously published 16S rRNA gene sequences of Wolbachia (Lo et al. 2002; Czarnetzki and Tebbe 2014) was investigated by phylogenetic analysis. First, the sequences were aligned with MAFFT v7.310 and the Q-INS-i method (Katoh and Standley 2013) . The resulting alignment was filtered with the Gblocks server version 0.91b (Castresana 2000) , with default settings. Smart Model Selection (Lefort, Longueville and Gascuel 2017 ) was used to determine the best model of nucleic acid evolution (TN93 + I) of the 209 bp indel-free alignment. Subsequently, a maximum likelihood phylogenetic tree was built with PhyML 3.0 (Guindon et al. 2010) . Branch supports were calculated using a Chi2-based parametric approximate likelihood-ratio test (aLRT; Anisimova and Gascuel 2006) . The molt of workers that gives them rise leads to the renewal of the lining of the ectodermic parts of the gut and consequently, to the purge of the largest part of the microbiota. Pre-soldiers therefore recover larval morphological features with a poorly mineralized cuticle and a white gut that earn them the second name of 'white soldiers.' Besides these morphological similarities, pre-soldiers are fed with salivary regurgitates of workers, thus in a similar way as larvae (Alibert 1963; Noirot 1969; Grassé 1982) . The high proportion of Wolbachia in the gut of pre-soldiers, as in the gut of larvae is therefore consistent with these morphological and behavioral similarities. This exceptionally high abundance in the gut of early stages is consistent with the Wolbachia infection rate reported for the whole body and some tissues of Cubitermes spp (Roy, Girondot and Harry 2015) , suggesting that the high abundance of Wolbachia in early stages is not limited to the gut environment, but widespread in various tissues. This age-dependency has a methodological implication. Instead of old individuals (with low Wolbachia content) that are often used to assess the prevalence of Wolbachia in termites (Lo and Evans 2007; Salunke et al. 2010a; Salunke et al. 2010b ), using early stages should improve Wolbachia detection rate. Unlike the early stages, very few or no Wolbachia-related sequences were detected in the gut of old castes (0% or <2% of reads). This is consistent with the large body of works regarding the gut microbiota of termites, which are almost all based on old termites from the gut of which few if any Wolbachia-related reads have been reported (Köhler et al. 2012; Diouf et al. 2015; Mikaelyan et al. 2015a) , except in very few cases (Berlanga et al. 2011; Makonde et al. 2013) . This minor presence in old castes is likely the reason why, in a large number studies that are mainly based on workers of various species, the assessment of the gut microbiota was not impaired by Wolbachia. In contrast, the overrepresentation of Wolbachia in young age groups has been reported as major hurdle for an accurate assessment of their gut microbiota (Diouf et al. 2015; Diouf et al. 2017) . The reproductives (including future queens) were the only caste with Wolbachiafree guts. This was surprising as the symbiont is supposed be transmitted to offspring through the eggs from females of this caste. However, since no specific investigations have been made on gonads, they could carry Wolbachia in these organs that are probably its natural location (Werren, Baldo and Clark 2008) . The decreasing relative abundance of Wolbachia across termite stages could be explained by several mechanisms. First, as an intracellular symbiont, Wolbachia abundance has been shown to depend on the division status of the host cells (Ruang-areerate et al. 2004) . The intensive morphological changes in the gut wall of early stages due to the more active division of the cells (Grassé 1982 ) could lead to a higher multiplication rate of Wolbachia. with various diversity indices including the Gini-Simpson index (r S = -0.933, p < 0.001) that is sensitive to dominant species and the Shannon index (r S = -0.933, p < 0.001) that is less sensitive to dominant species ( Fig. 2C and D) . Even so, no significant correlation could be drawn between the relative abundance of Wolbachia and that of some individual phyla such as Bacteroidetes, Firmicutes and mostly ubiquitous lineages such as remaining Proteobacteria (Wolbachia excluded) and Actinobacteria. To our knowledge, this is the first study reporting this relationship between Wolbachia and the gut microbiota in termites. Interactions between Wolbachia and the microbiota are however becoming increasingly established for other insects such as mosquitoes and fruit-flies (Muturi et al. 2017; Simhadri et al. 2017; Ye et al. 2017) , but are often reported only for adult insects and the underlying mechanism remains unclear. In the rare case taking into account the age as in the leaf-cutting ants Acromyrmex echinatior, the gut microbiota in all stages was similarly dominated by Wolbachia and the alpha-diversity was not affected (Zhukova et al. 2017) . One further innovation in the present study was to have taken into account various stages and castes in this comparison. The variability of the gut microbiota depending on termite life stages and castes has been shown earlier (Hongoh et al. 2006a; Diouf et al. 2015; Li et al. 2016 ) but has never been Evaluation of branch supports was computed using a Chi2-based parametric approximate aLRT. Labels indicate the name of the OTU or the GenBank accession number of the sequence. related to the relative abundance of the Wolbachia. It was rather ascribed to a combination of age-dependent changes in diet and in gut physicochemical conditions (Diouf et al. 2015) , with the wood-rich diet of old castes sustaining the full colonization by true gut-resident bacteria, while the lack of the right substrate in early stages (salivary secretions instead of wood particles) hinders their growth. Besides diet factor, the negative correlations displayed here between Wolbachia and the normal gut microbiota might suggest a mutual exclusion from the same environment (gut). However, as for many other insects, the nature of these potential interactions (competition for key resources, inhibition via antimicrobial substances, immune response and responsiveness to the oxidative stress induced by Wolbachia, etc) remains to be identified. Furthermore, the variation of Wolbachia level of infection depending on stages/castes has been reported to be widespread in various tissues (Roy, Girondot and Harry 2015) , while that of the microbiota is driven by the gut physicochemical conditions and diet . The absence of a direct causality between the dynamics of both symbiotic groups cannot therefore be completely ruled out. The scarcity of Wolbachia in old castes is consistent with most studies addressing the microbiota of N. arborum and related Nasutitermes species (Köhler et al. 2012; Diouf et al. 2015; Mikaelyan et al. 2015a) , and with the reduction in Wolbachia infection rate reported in adult neuters of Cubitermes spp. independently of the microbiota (Roy, Girondot and Harry 2015) . This suggests that the decrease of Wolbachia abundance in adults is real and not an artifact resulting from the high relative abundance of gut-resident bacteria. From many other insects where co-infections by distinct genotypes often occur (Hughes et al. 2011; Andersen et al. 2012) . Additionally, this Wolbachia genotype was placed within the supergroup F, the same containing all Wolbachia strains so far reported from other Nasutitermes species (Lo and Evans 2007; Salunke et al. 2010a; Salunke et al. 2010b , Lefoulon et al. 2016 ). This supergroup is unique in being the only one shared by Wolbachia from distantly related host taxa: filarial nematodes and arthropods (Werren, Baldo and Clark 2008) . Though the relationship between Wolbachia and nematodes has general features of nutritional mutualism (Fenn and Blaxter 2004; Fenn and Blaxter 2006; Foster et al. 2005; Taylor et al. 2005) and some members of the surpergroup F are mutualistic with some arthropods such as bedbugs (Hosokawa et al. 2010) , the phenotypic aspects of Wolbachia remain unexplored in termites. Additionally, Wolbachia phenotype varies within the same supergroup (review by Werren, Baldo and Clark 2008 ). This makes difficult establishing a clear link between the variation of the abundance of Wolbachia and its potential function in the termite host. OTU0037 pyro from eggs was the only OTU placed in a distinct unresolved clade. The very lowabundance of this genotype (6 reads) and its absence from the gut of subsequent life stages suggest that it may result from lateral contacts with other Wolbachia-infected materials, and not inherited from the queen. Nevertheless, such alien Wolbachia are of prime importance since they may be conserved by the new host, especially in aposymbiotic cases. These lateral exchanges may contribute to the promiscuous relationship between Wolbachia and termites (Bordenstein and Rosengaus 2005; Lo and Evans 2007; Roy and Harry 2007) and more generally between Wolbachia and arthropods (reviewed by Werren, Baldo and Clark 2008) . This is the first study specifically dedicated to the investigation of the presence, maintenance and significance of the intracellular symbiont Wolbachia in the termite gut environment, as a function of the abundance and diversity of the digestive microbiota. Besides the predominance of Wolbachia in eggs that might be expected, its presence and persistence in the gut environment of almost all the termite stages and castes is a novelty in termites, confirming its wide somatic distribution in insects. The simultaneous analysis of Wolbachia and the microbiota, showed, for the first time in termites, a significant negative correlation of the relative abundance of Wolbachia with the abundance of the most representative symbiotic group, and with the diversity of the gut-resident bacteria. This finding opens the way to new avenues of investigation, with the aim of determining the extent of the negative relationship between these two symbiotic groups within termites and identifying the underlying mechanisms.
RESULTS AND DISCUSSION
